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ABSTRACT

The need for a single element charge transfer device as a

spectroscopic detector is discussed. Such a detector promises to offer

superior performance compared to current pnotomultiplier tubes over a wide

range of illumination levels. As a detector to address tnis need, the

prototype C1075 manufactured by General Electric Co. is described and

characterized. The CID75 is a single element CID sensor with a 1mm by 1mm

photoactive area and a readout rate adjustable from 0 to 20 kHz. The

electro-optical characteristics reported in this study include linearity,

read noise, full well capacity, dark count rate, and quantum efficiency.

The sensors have good photometric linearity with a full well capacity in

excess of 1.2x1O8 electrons. The read noise of the detector can be lowered

to 80 electrons when employing the nondestructive readout mode of the CIDO.

The quantum efficiency of the CID75 is reported for the wavelength range of

2U0-1UUU nm. Combining a 1U6 simple dynamic range with the ability to vary

integration times over four orders of magnitude allows this detector to

quantify photon fluxes varying over ten orders of magnitude. The

conclusions of this study are that the C1075 sensor is a useful detector for

a variety of applications.

Subject Terms:

charge injection device, charge transfer device, spectroscopic detector
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1. INTRODUCTION:

Visible and ultraviolet optical spectroscopy today is one of the most

widely employed analytical techniques used to routinely characterize the

chemical and physical nature of an ever increasing range of materials for

science and engineering. During the last twenty years, most of the major

improvements in absorption, fluorescence, and emission techniques have

involved the development of better sources, absorption cells, wavelength

descrimination systems and data reduction systems.

One particularly demanding area involves inductively coupled plasma

atomic emission spectrometry (AES). This technique has become a widely

accepted method for multielement chemical analysis (1,2). A wealth of

information is contained in the spectroscopic signal, including many atomic

and ionic emmision lines from most elements in the sample. AES is highly

sensitive and has the ability to measure the elements present in the sample

over a wide range of concentrations ranging from the percentage level to the

high parts per trillion. Two major approaches to designing a AES

spectrometer exist, one involving simultaneous multiwavelength monitoring

with multiple detectors or an imaging detector array, and the other using a

scanning instrument with a single channel detector (1). Currently, the

universal detector for scanning AES systems is the photomultiplier tube

(PMT). The authors intent is to explore new detector technology to improve

AES performance over conventional PMT detection.

The requirements imposed on a detector for a scanning AES system are

severe and include the ability to quantify spectral intensities ranging over

eight orders of magnitude. The longest practical observation times are on

the order of one hundred seconds due to tCP source fluctuations and drift;



therefore, a low dark count rate is not as crucial as in some applications.

This manuscript describes the electro-optical evaluation of a new single

element charge transfer device (CTD), with an emphasis on the evaluation of

the properties which are pertinent to AES. However, this single element CTD

has application not only to AES, but to many other areas of spectroscopy and

photometry which require a sensitive, wide dynamic range detector.

Most analytical spectroscopists still regard the PMT detector as state

of the art in low light level single channel optical detection. The PMT

does have many attributes which make it a choice detector for many types of

spectroscopy (3-5). Despite the overall good performance and the tremendous

success of the PMT, this detector has many limitations:

(1) Low quantum efficiency. The best possible quantum efficiency at the

wavelength of maximum sensitivity for a PMT is on the order of 30%. More

typical values are on the order of 5% - 20% (5). At wavelengths longer than

900 mu, quantum efficiencies (QEs) are below 1%.

(2) Limited Spectral Range. While it is possible to construct

photocathodes optimized for maximum response within nearly any UV-visible

wavelength region, no one photocathode is yet available which has high

quantum efficiency throughout the ultraviolet to near infrared wavelength

range.

(3) High Dark Count Rates. The best performance achievaDle from

individually selected photon counting PMTs, operated under optimal

conditions in a cooled chamber, is 4-30 counts/second. This characteristic

degrades rapidly as photocathode materials are optimized for tne red and

near infrared.

(4) Fragile and sensitive to lilt snock. Exposing a PMT to typical room

light conditions while the detector is operating will often destroy it.



Select photon counting PMTs are even more sensitive in that exposing these

detectors to even moderate light levels will cause a dramatic and usually

irreversible increase in dark count rate (5). For most PMTs, this later

problem can occur even with no power applied to the tube.

In addition to these major performance limitations, PMTs have a number

of other disadvantages when compared to silicon detectors. They require

nigh voltage power supplies, are bulky, fragile, have finite lifetimes and

have large variations in performance between similar devices.

Photomultiplier tubes are difficult to use in environments with strong or

changing electric or magnetic fields. In addition, they suffer from a

number of spurious effects such as nonuniform pulse heigl~t distributions,

hysteresis effects, and photocathode nonuniformities (5).

These deficiencies point out the need for a superior detection system

for single channel applications. Current CTDs (CCOs and CIDs) nave many

advantages compared to PMTs which make them attractive detectors for

spectroscopy. These CTDs are available in a wide variety of formats ranging

from over 3,500 element linear arrays, 512 by 512 arrays, to the largest

solid state imager of any kind, the Tektronix 2048 by 2048 array (6-8).

These solid state array detectors do not suffer from light shock, nave low

power consumption and are extremely rugged.

In addition, many CTLs offer superior performance compared to PMTs for

low light situations on a single detector basis, not even allowing for the

huge multiplex advantage that they offer. The performance advantage of CTDs

can occur for two reasons. First, the silicon devices have inherently

higher quantum efficiencies than the photocathode materials employed in

PMTs. Second, the rate of thermal generation of charge carriers can be

reduced to insignificant levels by cooling CTDs (6-10), while dark count



rates of approximately four counts per second are currently the limit for

photon counting PMTs (5,11). CTDs have the disadvantage of having a finite

read noise, the signal independent noise associated with reading tne charge

information, while for photon counting PMTs the read noise can be less than

a single count. Depending on the particular situation, the magnitude of the

CTDs read noise, the PMTs dark count rate, and the QEs of the two devices,

CTDs will often nave nigher signal to noise ratios (SNRs) than PMTs. This is

true especially in situations where the ability to integrate charge for long

periods allows the CTDs to outperform the PMTs.

Many spectroscopic and photometric applications such as a scanning AES

system require only a single channel detector. Because of the numerous

advantages of CTLs, a logical step is to make a large single element

detector to replace photomultiplier tubes for these single channel

applications. A CTD designed as a direct replacement for a photomultiplier

tube should have a comparable photoactive area. Several approaches to using

a CTD as a photomultiplier tube replacement exist. The most obvious and

simple approach is to use a single large element CTD. In addition to a

single large element CTO, a small array detector such as the Texas

Instruments TC211 CCU is well suited for such an application. The multiple

detectors result in no loss in performance as compared to a single large

detector by using binning under low light level situations and reading each

detector element individually under high lignt level situations. It is

conceivable that either of these two approaches can lead to a single channel

detector with a good quantum efficiency from 190-10O0 nm, a dark count rate

on the order of one count per second, a dynamic range of measurable photon

fluxes (spectral line intensities) of over ten orders of magnitude, with a



minimum detectable signal of approximately one photon per second with

sufficient integration times.

Interaction with the engineering staff at General Electric has resulted

in the development of a single element charge injection device (CID)

detector. The operating principles of this device are similar to the more

conventional charge injection device imaging arrays in that charge is

generated and stored in an epitaxial n doped silicon layer by the absorption

of photons. The accumulated charge is then measured via an intracell charge

transfer process (12-14). The unique feature of this readout mechanism is

that the charge measurement process is either nondestructive, i.e. the

quantity of charge in the sensor is not altered during measurement and can

thus be repeatedly determined, or destructive, i.e. the charge is removed.

The availability of this unique single element sensor specifically

designed as a PMT replacement was the driving force behind the use of CIO

rather than CCD technology. Previous work in our laboratories using more

conventionai CID array detectors indicate that the single element CIO has

the performance required of a detector for AES. This paper presents an

evaluation of the spectroscopically important characteristics of this new

detector, including system read noise, full well capacity, linearity,

dynamic range, QE from 2U0-1000 nm, and dark count rate.

2. EXPERIMENTAL:

2.1 Description of CID75:

The single element CID75 used in these tests is manufactured by General

Electric. The C1D75 is made using the same fabrication process as other GE

CIDs. The sensor consists of two polysilicon capacitors; to maximize

sensitivity and minimize electrical crosstalk, each capacitor consists of a

% -%
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set of very narrow, widely spaced electrodes. The spacing between

electrodes has been adjusted to match the diffusion length of minority

carriers at reduced temperatures. These electrodes are arranged in an grid

pattern separated from an n doped silicon epitaxial layer with a silicon

oxide insulator. The electrodes are biased to form an inversion region in

the epitaxial region where the photogenerated charge is collected as

illustrated in Fig. 1. While the minority carriers in the n doped silicon

are Moles, the photogenerated charge will be referred to as electrons

throughout this report. The photogenerated charge is sampled by changing

the bias on the two electrodes in order to transfer the charge between the

electrodes. The charge is cleared from the sensor by removing the bias from

both electrodes simultaneously. Fig. 2 snows the arrangement of the

capacitors, along with a simplified schematic of the off-chip preamplifier.

References 12-18 describe in much greater detail the structure, operation

and read modes of ClOs.

Several aspects of the CIO are well suited for spectroscopic

applications. The nondestructive readout mode of the CIO allows charge

information to be read as many times as desired. By averaging successive

nondestructive readouts (NDROs), the effective read noise of the system can

be greatly reduced. The nondestructive readout mode also allows variable

integration time exposures to be made without prior knowledge of the pnoton

flux. Approximately 8U% of the surface of the CIDO is exposed to incident

radiation, with the rest covered by the polysilicon electrodes. Thus, the

QE of the device is high compared to many front-side illuminated CTDs.

~ .'w -
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2.2 The UA CID75 System

The CID7b is a prototype device and no evaluations of its operating
.1

characteristics and electro-optical properties have been previously

performed. A detector system was designed for this sensor based on the

design of a two dimensional CID camera developed in our laboratories (13-

14). This system consists of tnree main sections: the sensor Dewar, sensor

head and a system computer.

The CID Dewar assembly consists of a liquid nitrogen cryostat,

temperature regulating and monitoring electronics, a CID preamplifier card,

and the CID. To allow cooling of the CID75 to temperatures of approximately

130 K, the CID is located in a Dewar evacuated to less than 0.1 mtorr. The

preamplifier used for the CID is a charge amplifier with a gain

corresponding to 30 nV per electron. This gain was chosen to allow sampling

of the upper end of the detectors dynamic range. The output of the

preamplifier is fed into a modified Photometrics Ltd. analog card which

contains the amplification, processing, filtering and 14 bit digitization

circuitry (19).

Because many of the operating characteristics of the CIO are

tem.perature dependent, such as the rate of thermal charge generation and the

surface interface trap exchange rate, it is important to be able to

precisely measure the temperature of the sensor. The temperature is

measured by passing a constant current tnrough a diode located on the CIL)75, p
and measuring the voltage drop across the diode; the voltage drop is

linearly related to the temperature over the temperature range of CID
i

operation. The CID is cooled by contact with a copper cold finger connected

to the liquid nitrogen cryostat. The temperature monitoring system is

-I



disconnected from the system during most experiments to eliminate light

emission caused by forward biasing the temperature diode.

In addition to the analog electronics, the sensor head contains

circuitry to generate the proper voltages and waveforms for operation.

Because of the lack of the select and deselect scanners and other

multiplexing circuitry present in the two dimensional CID arrays, the

required waveforms to run this device are simple. The drive and inject

lines are the only two clocks required to run the CID; however, six other

lines are used to perform the correlated double sampling, filtering,

adjustable gain, and analog to digital conversion. In order to provide

noise free inputs to the CID Dewar, all the signals are opto-isolated and

the electronics are carefully shielded. The 14 bit digitized data is sent

to the host computer, a POP 11-03. All software is written In CONVERS, a

FORTH like threaded code interpretive compilier developed in these

laboratories to facilitate instrumentation control and data analysis.



2.3 Test Systems:

A variety of the evaluations of device performance were conducted using

a simple test apparatus consisting of a capped, cylindrical, aluminum test

jig, the inside of which is coated with high reflectance paint. A ring of

five light emitting diodes (LEDs) inside the cylinder is used as a light

source, with the duration of illumination controlled by computer. In order

to avoid the effects of junction heating on light output of the LEDs, they

are turned on for 500 ns with a precision exceeding 10 ns, with a cool down

time of approximately 5 1us between flashes. The amount of light reaching

the detector is precisely and reproducibly controlled by flashing the LEDs

the desired number of times. The precision in controlling the illumination

by turning the LEDs on and off using the computer is greater than the

precision obtainable with a mechanical shutter.

QE measurements from 200-1000 nm were made using a GCA McPherson

monocnromator with a combination of deuterium and tungsten sources. The

output of the monochromator enters a 1U an diameter integrating sphere, and

the CID is illuminated through a 2 cm port in the integrating sphere. A

series of interference and long pass filters are placed between the

monochromator and integrating sphere to eliminate stray light and second

order radiation from reaching the detector. The light intensity as a

function of wavelength at the focal plane of the spectrometer is precisely

measured using an E(iAG photodiode with a calibration traceaole to the

National Bureau of Standards. The methods used to measure the quantum

efficiency have been extensively reported elsewhere (14,19).
A
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3. EVALUATION OF ELECTRO-OPTICAL PROPERTIES:

3.1 Determination of System Gain by Mean-Variance Measurements

Before an evaluation of the electro-optical characteristics of this

sensor are undertaken, the quantity of charge which produces a given analog

to digital count (system gain) must be accurately known. A value for the

system gain is important or the results of measurements such as the dark

count rate in units of AIUs per second can not be related to the fundamental

units of electrons per second. In order to make an accurate determination

of the system gain for the UA/CID75 detector system, the mean variance

(photon transfer) method was used (8,9,13,20).

This technique utilizes the fact that photon detection obeys Poisson

statistics. In a Poisson distribution, the mean of the distribution is

equal to the variance of the distribution (21). Using this relationship and

relating the mean and variance measured in units of ADUs with the

fundamental mean and variance with units of electrons, one obtains the

following equation:

Ss2 . G * R (1),

where Ss is the standard deviation of the signal due to shot noise (ADUs), G

is the system gain (ADUs/electron), and R is the mean signal (ADUs). Eq.

(1) indicates that G, the system gain, can be calculated if the signal level

and variance in the signal due to shot noise are known. However, shot noise

is not the only noise source associated with determining the number of

incident photons. The noise associated with reading out the detector

(system read noise) must also be taken into account in Eq. (1). It is

- ~ - -~~V~~~--
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important to note that the system read noise is due to various noise sources

in the detector and amplifier which are independent of the quantity of

charge in the detector. The net variance from the the shot noise and read

noise is

+ Sr2  (2),

where St2 is the total observed variance (ADUs) 2 , and Sr2 is the variance

from the read noise (ADUs)2 . When the sensor is exposed to light in a

series of increasing exposures and the mean and variance are determined at

each illumination level, a plot of the mean signal in ADUs versus the total

variance in ADUs 2 yields a straight line with a slope of G and intercept of

Sr2

The mean variance measurements on the UA/CID75 camera system were

conducted using the test apparatus described in section 2.2. At each

illumination level, the CID was read, LEDs were flashed the appropriate

number of times, and the CID read again. Each CID readout was the average

of 16 NDROs; the use of 16 NDROs reduces the system read noise and thus

allows a more accurate value for the system gain to be calculated. The mean

and variance are calculated from 128 reads, with the entire process repeated

at 4U levels of illumination covering the linear operating range of the CID.

The slope of tne best line through these points was determined with a least-

squares fit to be 74.3 electrons/ADU with a standard deviation of 2

electrons/AUU.

U ~ ~ 'N-



3.2 System Read Noise

For spectroscopic detectors, many of the interesting signals are of low

magnitude and the noise of the detector at these low illumination levels

limits the overall performance. For many other spectroscopic applications a

large dynamic range is important, and since the read noise usually

determines the lower end of the dynamic range, a low read noise is important

for these applications also. The system read noise is the sum of all noise

sources other than photon and dark current shot noise, and can be separated

into the noises from the sensor, and noise sources from the external

amplifier and drive circuitry. A major noise source in CIDs has been

attributed to Johnson noise from resistance in overlaying gate electrodes,

and the high capacitance of the sense electrode (23). The major sources of

noise in the off-chip preamplifier used in this system include Johnson noise

from the channel resistance of the input FET, shot noise from leakage

currents in the input FET, and 1/f noise (22). The use of the correlated

double sampling scheme eliminates most of tne noise contributions from KTC

(switch) noise.

Voltage spikes and ripple on the drive line couples into the CID sense

line adding another noise source. The capacitive coupling of the drive and

sense electrodes on the CID of <lpf causes a significant coupling of the

drive signal to the sense line. To minimize this effect, a capacitance

similar to the drive-sense capacitance is inserted between the drive line

and the noninverting input of the off-chip charge amplifier as shown in

Fig. 2. By carefully matching these capacitances, over 98 of the drive-

I



The read noise of the UA/CI075 detector system is measured using the

mean variance method discussed in the last section. As shown by Eq. 2, the

intercept of a mean variance plot is Sr'2 the system read variance. Using

this method, the read noise is calculated to be 6 ADUs/read. This

corresponds to 450 electrons per read using the value of gain calculated in

section 3.1.

An advantage of the nondestructive read capability of the CID is the

ability to reduce the system read noise by averaging signals from a number

of nondestructive reads. If the read noise is white and is uncorrelated

from one read to the next, the effective noise floor will be reduced by the

square root of the numoer of NOROs. In practice, it is not expected that

the reduction will be this great since the limited bandwidth of the video

amplifiers and 1/f noise both limit the effectiveness of this type of signal

averaging. The effective read noise was measured using the mean variance

method described above with varying numbers of NDROs. A large decrease in

the effective read noise is observed as the number of reads increases, with

the read noise being reduced to under 80 electrons with QU0 NOROs.

3.3 Linearity

One requirement for a spectroscopic detector is that it have a well

defined response to radiation which can be related to the total number of

incident photons. The charge sensing preamplifier used in the UA/CII)7b

system is expected to produce a signal linearly proportional to the quantity

of cnarge in the detector. The response of the CID75 to radiation measured

over a wide range of illumination levels is shown in Fig. 3a. The upper end

-e. -%7-



of the linearity plot occurs when the sensor has reached saturation at over

1.2x1U8 electrons.

A detail of the linearity is shown in Fig. 3b for illumination levels

up to 5x106 electrons. One feature of the response shown in Fig. 3b is the

nonlinear *foot'. The foot of the plot is attributed to the filling of

charge trap sites in the Si-SiO 2 interface (13,23). decause of these traps,

tne first charge generated in the detector is held by these traps and is

unable to move from the charge collection capacitor to the charge sensing

capacitor. Interface traps are common to all surface channel MOS detectors

such as CIOs and surface channel CCs, and to a lesser extent in buried

channel CCDs. A technique to avoid the nonlinear operating region in such

detectors is to introduce a bias charge, sometimes called a "fat zero," to

fill the interface traps. Once the interface trap states are occupied, all

further charge added to the detector is mobile and gives a linear response

function. The nonlinear foot in the CI075 amounts to over 2x10 5 electrons.

The linear portion of the plot is for exposures between 2xlU5 and 1.2xlU8

electrons. The maximum deviation from linearity, expressed as the maximum

deviation from the best fit line divided by the full well capacity, is under

U.1%.

3.4 Dark Count Rate:

One of the major potential applications for the C1075 sensor is in low

light level, long exposure situations. If the thermal generation rate can

not be sufficiently reduced by cooling, then the shot noise present on the

thermally generated charge limits the minimum detectable signal. The

-~ - -~ - ~ -~ %. ~ ~ ~ .- - .-. . - -.. Y.. ;]



thermal generation of charge, often called dark current, is due to electron-

hole pair generation by midgap defects in the bulk semiconductor and at the

Si-SiO 2 interface (24). In surface channel CTDs, the dominant source of

dark current is from interface states at the Si-Si 2 interface (25). The

thermal generation rate was determined by taking long integration time

exposures. The dark current at 130 K is 1OU electrons per second. With a

dark count rate of 100 electrons per second, the shot noise from a two

minute integration introduces 110 electrons of noise. The large area of the

single element in the CID75 contributes to the high dark count rate of 1U0

electrons per second; its dark current of 10 nA/cm2 at 23 C is similar to

values for other CTls (8). Operating the sensor at temperatures lower than

13U K may reduce the dark count rate further. It also may be possible to

reduce the dark count rate by raising the potential of the sense line during

integration to form an inversion layer under the sense capacitor. This

suppresses the thermal generation of charge from surface interface states

(25). Both of these methods are being examined to determine their

effectiveness in further reducing the dark count rate.

3.5 Spectral Response:

The sensitivity of a detector at any given wavelengtn is one of the

most important parameters when a particular device is being considered for a

specific spectroscopic application. The QE (electrons collected and

measured per incident photon) of the C1075 in the near infrared to

ultraviolet range was measured. The quantity of charge generated in the

sensor during a known integration period due to photons from a monochromatic

source of known flux is determined at each wavelength.



The sensitivity of the sensor strongly depends on the optical

properties of the silicon epitaxy, overlaying gate electrodes and oxide

layers. The QE of silicon CTDs falls off rapidly in the near infrared due

to the decreasing absorption coefficient of silicon at longer wavelengths.

As the absorption coefficient decreases, photons are either absorbed deep in

the epitaxy or pass entirely through the epitaxy and are absorbed in the

bulk silicon. The CID can not respond to photons with less energy than the

band gap of silicon (approximately 1200 nm at 300 K). The photogenerated

charge deep in the epitaxy is more likely to undergo charge recombination

before being collected. The decreased sensitivity of a CID for ultraviolet

wavelengths is due to photon absorption and reflection from the silicon

oxide layer and the multiple polysilicon electrodes overlaying the epitaxy.

The method used to measure the 4E is given in section 2.3 and has been

reported in the literature (14,19). The results of the quantum efficiency

measurements of the CID75 detector from 200-1000 nm are shown in Fig. 4.

The QE curve has a broad maximum of 34% centered around 55U nm and another

region of nigh sensitivity at 250 nm of 35%. The ultraviolet QE of this

device is high compared to other CID sensors (14) and three phase front-side

illuminated CCD detectors (19) because of less overlaying gate structure.

3.6b Oynamic (ange:

For many spectroscopic techniques such as AES, the range of

analytically useful photon fluxes varies over many orders of magnitude. If

a detector is not to limit these techniques a very large dynamic range is

required. The simple dynamic range (SOR) of a CT) detector is defined as

the ratio of the full well capacity to the read noise. Of greater

importance to the spectroscopist is the range of photon fluxes tne detector
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is able to quantify. For the purposes of these discussions, the photon flux

dynamic range (PFDR) is the ratio of tne highest and lowest photon fluxes

which can be accurately measured with variable integration times. Th, PFOR

depends on a number of factors, many which depend on the intrinsic abilities

of the detector and others which depend on the particular detector system

and configuration.

The lower end of the PFDR is set by a number of factors including the

length of observation, dark count rate, quantum efficiency and system read

noise. The minimum detectable signal is defined as the photon flux which

yields a SNR of 2. Examining the linearity curve in Fig. 3b, it is apparent

that the CID has an extremely nonuniform response to illumination levels

under 2x1O S electrons. To achieve a linear response function at low

illumination levels, a bias charge is introduced.

The nondestructive read ability of the CID allows one to use a bias

flash or "Fat Zero" without introducing significant noise. In CIDs and

CCUs, the KTC (switch) noise is eliminated by using tne correlated double

sampling technique (6). While there is an uncertainty in the voltage of

resetting the FET dictated by KTC noise, the use of the correlated double

sample subtracts out this as an offset. In the CID (out not the CCD), a

similar technique is used to eliminate the effect of tne fat zero shot

noise. This is done by exposing the sensor to several LED flashes to bring

the sensor to the linear portion of its dynamic range. After the flash out

prior to exposure to the spectroscopic signal, the quantity of charge

produced by the bias is determined by reading out the CID. While the number

of electrons produced by the bias flash (fat zero) is subject to the

uncertainty of shot noise, the number of electrons is fixed and can be

determined exactly subject only to the limitations imposed by the system

A5 A .....%... .
zeX :.%



- u ~~~UEU ~ ~ ~ -\Mn r M FrLA nnayr.p rw .P.-m'j v .-.- _

.I

read noise. After the magnitude of the bias flash has been measured, the

CID is exposed, and then read out again. The signal level is the difference

between the two correlated reads. Since two reads are required to obtain

the useful exposure level, this technique increases the effective read noise

by (2)1/2. Since the read noise is reduced to IO electrons with 100 NDROs,

the effective read noise is 140 electrons and the minimum detectable signal

is 28U electrons.

The maximum practical integration time is dictated by a number of

factors including instrument and source stability, signal duration, and

patience. For AES and several other spectroscopic techniques, the maximum

practical integration time is limited by source stability ana is on the

order of several minutes. For a two minute exposure and a dark count rate

of 100 electrons per second, the thermal generation of charge amounts to

12UUU electrons, and thus introduces approximately 11U electrons of noise.

The total noise obtained by the addition in quadrature of the dark count

noise and two times the read noise is 18U electrons for the 12U second

observation time. Therefore, the minimum detectable signal is 3 electrons

per second, corresponding to 9 photons per second at 50U nm.

The maximum measurable photon flux is determined by a number of factors

including the full well capacity of the detector, the maximum readout rate,

the maximum rate that the sensor can be cleared of charge, ana tne quantum

efficiency of the device. For extremely intense spectral features, the

nonuniform foot to tne photometric response becomes insignificant to tne

large full well capacity of iU8 electrons, and hence the bias charge is not

needed . In addition, NDRt~s are not required to reduce the effective system

read noise for extremely intense features. The maximum sampling rate is

dictated by both the maximum readout rate and the minimum time between the



end of the inject sequence and the start of the read process, which yields

an effective maximum sampling rate of approximately 10 kHz. Combining the

maximum readout rate of 10 kHz with a charge capacity of i8 electrons

yields a maximum measurable electron generation rate of 1U 12 per second.

The PFUR of this detector is from under 1U) electrons per second to 1U12

electrons per second. These numbers are related to the numbers of incident

photons by taking into account the wavelength dependent quantum efficiency

of the device shown in Fig. 4. It is important to realize that these

numbers for the dynamic range were obtained using a rather simple method. A

number of factors effect the realizable dynamic range in CT~s including

latent image and hysteresis effects which can prevent the measuring of

extremely weak signals immediately after measuring intense features.

However, while not fully experimentally verified, this discussion

demonstrates that this detector has a large effective dynamic range and

should be useful in a wide variety of large dynamic range applications.

The SOR of this detector is greater than W 6 and so either a variable

gain analog amplifier or a 2U bit A-D is required if the off-cnip

electronics are not to limit tne system performance. In the UA/CI75

system, a variable gain analog chain and a 14 bit A-D are used to allow

sampling the entire SOR of the CIJ75. The nondestructive readout mode of

tne CID allows for efficient use of this detectors full PFOR by allowing tne

gain, readout method and integration time to be varied to fit the particular

measurement being made. During an exposure, the CID is rea-

nondestructively and if the signal level is below some tnresnola value, a

more sensitive gain setting and longer integration time are used. Tnis

process of reading out the sensor nondestructively and selecting tne desired
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analog gain is repeated until sufficient light has been collected for the

desired SNR or until some maximum time has been reached. In this way, the

entire A-0 process from analog gain to integration time can be tailored for

each measurement depending on the photon flux without any prior knowledge of

the light intensity.

3.7 Hysteresis Effects

It is important that measurements obtained from a detector are not

influenced by the prior operation of the device, such as exposure to intense

light, reading the device, injecting the charge of any other type of normal

operation. Any such perturbations arising from normal operation are termed

hysteresis effects. Hysteresis effects are especially detrimental in

spectroscopic applications where a detector must accurately measure light

intensity over rapidly changing optical conditions.

Most common spectroscopic detectors, including photomultiplier tubes,

suffer from some form of hysteresis effects. Modern solid state detectors

Such as photodiode arrays (POAs) and CTDs are fairly resistant to these

effects. However, close examination of signals from these devices indicate

some dependence on prior operation; for example, residual image effects are

common in CCDs. It has been found that the CID also suffers from some forms

of hysteresis effects. Clearing the CID of charge, and exposing tne CID to

bright images both have slight effects on the subsequent performance of the

CIU1iB sensor (14). In addition, work with other CID sensors indicates that

under some conditions, the apparent quantity of charge in the sensor can

diminisn very slightly when an individual detector is repeatedly read in the

nondestructive mode. The source of these effects is postulated to be caused

by the gradual movement of cnarge into and out of the Si-Si0 2 interface.

~ ~........-- .~* -* -.



J

In bulk silicon, charge exists in only one of two energy states, the

valence band and conduction band. At the Si-SiO2 interface, there are a
2I

number of allowed energy states where charge can reside. Because these

energy states are associated with specific physical locations, charge

residing in these regions is immobile and is known as "trapped charge".

However, charge in a trapped state can gain sufficient energy to move into

the conduction band and thus become mobile. The energy of most trapped

states is similar to the energy of the conduction band (23), and charge in

these states rapidly exchanges with the charge in the conduction band.

Because of the rapid interchange, this type of trapped charge is referred to

as "fast interface states". A few states are found to be energetically

different and to exchange very slowly with the conduction band, with some of

these states having time constants of hours at 10U K.

In all the previous discussions, it has been assumed that the

nondestructive read mode of the CID is truly nondestructive, i.e. that no

charge is gained or lost by the read process. This assumption is not

entirely correct. While the sensor is integrating charge, the accumulated

charge is only stored under the potential well under the drive electrode.

Any charge created in the vicinity of the sense electrode is pulled under

the drive electrode because this electrode is biased more negatively.

aecause al I mobile conduction band cnarge i s stored under the arive

electrode, the slower trap states under the drive electrode are filled. The

sense electrode has no conduction band charge stored under it and hence the

slower trap states under this electrode are unfilled. During a

nondestructive read, the mobile charge under the drive electrode is shifted

under the sense electrode for a short time (between IU-4Us per read for

the UA/CIU75 system). While the charge is under the sense electrode, some



trap states are filled. Therefore, when the read is completed, not all of

the charge transferred from the drive electrode to the sense electrode

returns to the drive electrode. Since the quantity of charge transferred on

subsequent reads has been decreased, the measured signal decreases with the

number of reads.

In order to measure this phenomenon, the CID was cleared of charge and

then exposed to light to create approximately 3.6x10 7 electrons. The CID

was then left idle for ten minutes in order to allow the trap states under

the drive electrode to reach equilibrium. Then the sensor was read and the

observed signal plotted as a function of read number in Fig. 5. The first

read is U.8x1U 6 electrons higher than the second read, and after 30 reads, a

total of 1U6 electrons are lost. Several thousand additional reads have

little effect on the signal, with the signal changing by less than 1U

electrons (<0.01%) from reading out the sensor an additional 1UUU times.

While this effect is significant, the change in signal level caused by the

nondestructive read process can be almost completely eliminated by simply

discarding the data from the first several reads of the detector.

In addition to effecting the nondestructive read process, the slow trap

states cause a change in observed signal due to the adsorption and

reemission of mobile charge from these sites after exposure of the sensor to

changing illumination levels. This effect has been extensively
characterized in the CID1IB detector (14). Preliminary studies on thiS type

of hysteresis effect in the CID7b indicates that this effect, in worst case

situations (such as leaving the sensor in the dark for prolonged periods and

then exposing the detector to very intense illumination levels), causes the

signal level to change by approximately 0.3% with time. Additional studies



are currently underway to investigate the role of trapped charge on the

response of the CID75.

3.S Charge Injection Efficiency

In CCOs, the charge readout process also clears the detector of charge.

In CIDs, the charge readout and cha-rge clearing (injection) process are

independent. In order to measure and optimize the charge injection process,

the CID is exposed to a preset charge level (usually corresponding to

approximately 4x1O 7 electrons). To clear the CID75 of charge, both the

drive and sense electrodes are set to a potential approximately the same as

the epitaxial layer potential, causing the electrons to recombine with the

stored positive charge. The length of time the drive and sense electrodes

were left at the epitaxy potential ranged from 1O-1V),VU us. It was found

that only 3U of the charge was removed regardless of the length of the

inject cycle or the numoers of inject cycles performed. Reading out the

device between each inject cycle greatly increased the efficiency of the

charge injection process. The charge clearing process appears to

preferentially remove a fraction of the photogenerated charge, and longer or

repeated inject cycles remove no further charge. However, reading the

device between each inject reestablishes an equilibrium distribution of

charge carriers, allowing further charge to be removed. Fig. 6 shows the

charge contained in the sensor as a function of the number of inject-read

cycles. After eight of these cycles, the CID is quantitatively cleared of

all charge.

As well as removing the charge from the conduction band, the

combination inject-read process also appears to renove the charge from most

trap sites. Thus the first charge created after the CID is cleared of



charge goes into the trap sites because they are lower in energy than the

conduction band. The trap sites are normally filled with bias charge in

order to allow subsequently generated charge to be mobile (see linearity

section 3.3).
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4. CONCLUSIONS:

The C1075 sensor appears to fulfill many of the needs of a

spectroscopic detector. Table 1 is a summary of these evaluation results.

The 1mm2 photoactive area makes this sensor very easy to use in many

applications. The sensitivity of the detector is good over a wide spectral

range. The detector has a linear response over a wide range of illumination

levels; the NDRO ability of the CIO allows a bias flash to be used to

eliminate the effects of a nonlinear response at low light levels without

introducing significant noise. The dark count rate, while not

insignificant, is low enough for AES and many other applications. In fact,

a several week long exposure is required to saturate the device from dark

current alone. The low readout noise, coupled with the large full well

capacity give this detector a large simple dynamic range. The most striking

feature of this detector is its extremely large PFOR; using the

nondestructive read mode of this detector and the ability to vary the

integration time of the detector from microseconds to minutes, this detector

can measure photon fluxes ranging over ten orders of magnitude.

The CIU75 should offer significant improvements in performance over

the PMT as an AES detector. Of prime importance is the wider PFOR and the

comparable sensitivity to PMTs. Also significant, the CIL)75 allows the use

of spectral lines over the wavelength range from 2UU-IUUU nm. The very near

infrared spectral region (800-10UU nm) holds much promise for AES of

nonmetals (26-27), however, the lack of good detectors in this wavelength

region has slowed research in this area. Future work includes determining

the responsivity of the sensor in the 140-20U nm range. The availability of



a single detector to cover the entire spectral range of interest for AES

(140-1000 nm) is exciting. The UA/CID75 system will be used in these

laboratories as an AES detector in the near future.

In addition to AES, other spectroscopic and photometric applications

can benefit from the CID75. In UV-Vis Fourier transform spectroscopy, the

PFOR of the detector can determine the sensitivity of a measurement, and

hence FTS should benefit from the use of this detector, The CID75 has

application in situations requiring a detector to function with high

sensitivity or large dynamic range in environments with rapidly changing

electric and magnetic fields where it is difficult to operate PMTs, and in

situations requiring a small size, low power consumption, rugged detector.

While the current UA/CID75 system does not meet all the performance

goals for a CTO detector discussed in section 1, the system is capable of

achieving high performance as a general purpose spectroscopic detector.

The availability of new CIlUs and CCIs, with improved and more flexible

support sytems promise to offer unparalleled performance for single channel

applications. Future work will focus on comparing the merits of CIOs and

CCs for such single element applications.
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FIGURE CAPTIONS

Figure 1: Cross section of the CID75 showing the drive and sense
electrodes. The photoactive area of this single element detector
i s im by 1mM.

Figure 2: A top view of the C1075 sensor showing the grid like arrangement
of the drive and sense electrodes. Also shown is a simplified
schematic of the charge amplifier used in these studies. The
entire preamplifier is contained in the vacuum cryostat in close
proximity to the sensor. The capacitor between the drive line
and the noninverting input of the operational amplifier is used
to null out the effect of the drive line capacitively coupling to
the sense line.

Figure 3a: Photometric response of the CID75 sensor system demonstrating the
linearity of the system. Full well capacity of the CID7b is over

1.2xlU8 electrons.

Figure 3b: Detail of the photometric response of the CID75 for illumination

levels up to 5xl 6 electrons. The nonlinear "foot" in this curve
is due to surface interface traps. See text for discussion.

Figure 4: The QE of the CID75 detector from 200-100U nm. The peak QEs are
34% at 5bU nm and 35% at 25U nm.

Figure 5: The output of the sensor as a function of the number of NOROs
at 13U K. The output of the sensor decreases, with a 2.6% change
after 30 NDROs. 1000 additional NLROs have little effect on the
output.

Figure 6: Charge injection efficiency, showing the decrease in the amount
of charge contained in the sensor as a function of the number of
inject-read cycles at 13U K. After eight cycles, the sensor is
quantitatively cleared of charge.
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Read Noise 450 e-
80 e" with 400 NDROs

Linearity 0.1% maximum deviation

Full well capacity 1.2x108 e"

Dark count rate 100 e-/sec. @ 130 K

Quantum Efficiency 35% @ 250 nm
34% @ 550 nm

Dynamic Range:
Simple (SDR) >106
Photon flux (PFDR) >1011

Table 1. Summary of General Electric C1D75 Electro-optical
Performance
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